We study the short-range nucleon-nucleon interaction in a nonrelativistic chiral constituent quark model by diagonalizing a Hamiltonian containing a linear confinement and a Goldstone boson exchange interaction between quarks. A finite six-quark basis obtained from single particle cluster model states was previously used. Here we show that the configurations which appear naturally through the use of molecular orbitals, instead of cluster model states, are much more efficient in lowering the six-quark energy.
combined with quark interchanges between the 3q clusters. Nevertheless, an effective mesonexchange potential, introduced through the coupling of mesons to 3q cluster collectively, was required in order to reproduce the intermediate-and long-range attraction (for a review see for example [1] [2] [3] ).
Another category are the hybrid models [4] [5] [6] . There, in addition to the OGE interaction, the quarks belonging to different 3q clusters interact via pseudoscalar and scalar meson exchange. In these models the short-range repulsion in the NN system is still attributed to the OGE interaction between the constituent quarks. The medium-and long-range attraction are due to meson exchange, as expected.
In a recent exploratory work [7] , by using the Born-Oppenheimer approximation, we calculated an effective NN interaction at zero separation distance, within the constituent quark model [8] [9] [10] . In this model the quarks interact via Goldstone boson exchange (GBE) instead of OGE of conventional models, and the hyperfine splitting in hadrons is obtained from the short-range part of the GBE interaction. An important merit of the GBE model is that it reproduces the correct order of positive and negative parity states in both nonstrange [9] and strange baryons [10] in contrast to any OGE model. In Ref. [7] we showed that the same short-range part of the GBE interaction, also induces a short-range repulsion in the NN system. Moreover, the long and middle range attraction of the NN potential will automatically appear due to the presence of a Yukawa potential tail in theinteraction and due to 2π (or sigma) exchanges.
In [7] the height of the repulsive core was about 800 MeV for the 3 S 1 channel and 1300 MeV for the 1 S 0 channel. Such a result has been obtained from diagonalizing the Hamiltonian of Ref. [9] in a six-quark cluster model basis built from harmonic oscillator states containing up to two quanta of excitation. The six-quark states have orbital symmetries [6] where there is some mixture of states (see e.g. [1, 12] ). Here we show that by using molecular orbitals the height of the repulsion reduces by about 22 % and 25 % in the 3 S 1 and 1 S 0 channels respectively.
The paper is organized as follows. In Sec. 2 we briefly recall the procedure of constructing six-quark states from molecular orbital single particle states. In Sec. 3 we describe the GBE Hamiltonian [9] . In Sec. 4 we present our results for zero-separation NN interaction derived in the Born-Oppenheimer approximation for the IS = (10) and (01) sectors. The last section is devoted to summary and conclusions.
II. SIX-QUARK STATES FROM MOLECULAR ORBITALS
Here we follow closely Ref. [11] where the use of molecular orbitals in the construction of six-quark states was originally proposed, instead of commonly used cluster model states. Let us denote by Z the separation coordinate between the centres of the two clusters. At finite Z, in the simplest cluster model basis, each of the six quarks is decribed by an orbital wave function represented by a Gaussian centered either at Z/2 or −Z/2. These nonorthogonal states are denoted by R (right) and L (left) respectively
Alternatively, in a molecular basis we consider the two lowest states, σ which is even and π which is odd. These could be either the solutions of a static, axially and reflectionally symmetric independent particle model Hamiltonian (see for example [13] ) or, as for the present purpose, can be constructed from R and L states.
First we introduce pseudo-right and pseudo-left states r and l starting from the molecular orbitals σ and π as
where < r|r >=< l|l >= 1, < r|l >= 0.
On the other hand, starting from the cluster model states, one can construct good parity, orthonormal states for all Z by setting
which, introduced in (2) gives
At Z → 0 one has σ → s and π → p (with m = 0, ±1) , so that
and at Z → ∞ one has r → R and l → L.
From (r, l) as well as from (σ, π) orbitals one can construct six-quark states of required permutation symmetry. For the S 6 symmetries relevant for the NN problem the transformations between six-quark states expressed in terms of (r, l) and (σ, π) states are given in [14] . This suggests that the six-quark basis states constructed from molecular orbitals form a richer basis without introducing more single particle states. Here we examine its role in lowering the ground state energy of a six-quark system described by the Hamiltonian introduced in the next section.
Using Table I of Ref. [11] we find that the six-quark basis states needed for the 3 S 1 or 1 S 0 channels are:
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where the notation 33 and mn + in the lhs of each equality above means r 3 ℓ 3 and r m ℓ n +r n ℓ m as in Ref. [11] (see also discussion below In a cluster model, the most important basis states built from s and p harmonic oscillator states are
These are the first four states given by Eq. (8) cases. This is due to the existence of three-quark clusters only in the cluster model states, while the molecular basis also allows configurations with five quarks to the left and one to the right, or vice versa, or four quarks to the left and two to the right or vice versa. At large separations these states act as "hidden colour" states but at zero separation they bring a significant contribution, as we shall see below.
The matrix elements of the Hamiltonian (22) are calculated in the basis (7-15) by using the fractional parentage technique described in Refs. [14, 15] and also applied in Ref. [7] . A programme based on Mathematica [16] has been created for this purpose. In this way every six-body matrix element reduces to a linear combination of two-body matrix elements of either symmetric or antisymmetric states for which Eqs. 
In this basis the orbital two-body matrix elements of the linear confinement V conf = Cr potential (23) are calculated analytically (see Appendix D of Ref. [7] ).
III. HAMILTONIAN
The GBE Hamiltonian considered below has the form [9] :
with the linear confining interaction :
and the spin-spin component of the GBE interaction in its SU F (3) form :
with λ 0 = 2/3 1, where 1 is the 3×3 unit matrix. The interaction (24) contains γ = π, K, η and η ′ meson-exchange terms and the form of V γ (r ij ) is given as the sum of two distinct contributions : a Yukawa-type potential containing the mass of the exchanged meson and a short-range contribution of opposite sign, the role of which is crucial in baryon spectroscopy.
For a given meson γ, the exchange potential is
For a system of u and d quarks only, as it is the case here, the K-exchange does not contribute. In the calculations below we use the parameters of Refs. [9] . These are :
µ π = 139 MeV , µ η = 547 MeV , µ η ′ = 958 MeV .
In principle it would be better to use a parametrization of the GBE interaction as given in [17] based on a semirelativistic Hamiltonian. However, in applying the quark cluster approach to two-baryon systems we are restricted to use a nonrelativistic kinematics and an s 3 wave function for the ground state baryon. With an s 3 variational solution the nonrelativistic Hamiltonian introduced above works generally well [18] . In particular, for the nucleon, the quantity < N|H|N > reaches its minimum at 969.6 MeV which is only about 30 MeV above the nucleon mass obtained in the dynamical 3-body calculations of Ref. [9] . There the shifted Gaussian of Eq. (25) results from a pure phenomenological fit.
IV. RESULTS
We diagonalize the Hamiltonian (22) in the six-quark basis (7) (8) (9) (10) (11) (12) (13) (14) (15) and calculate the NN interaction potential in the Born-Oppenheimer approximation
where H Z is the lowest expectation value obtained from the diagonalization at a given Z and H ∞ = 2m N is the energy (mass) of two well separated nucleons. Here we study the case Z = 0, relevant for short separation distances between the nucleons. In Tables I and II we present our results for IS = (01) and (10) respectively, obtained from the diagonalization of H. From the diagonal matrix elements H ii as well as from the eigenvalues, the quantity 2m N = 1939 MeV has been subtracted according to (27) . Here m N is the nucleon mass calculated also variationally, with an s 3 configuration, as mentioned at the end of the previous section.
This value is obtained for a harmonic oscillator parameter β = 0.437 fm [19] . For sake of comparison with Ref. [7] we take same value of β for the six-quark system as well.
In both IS= (01) and (10) cases the effect of using molecular orbitals is rather remarkable in lowering the ground state energy as compared to the cluster model value obtained in the four dimensional basis (16)- (19) . Accordingly, the height of the repulsive core in the 1 S 3 channel is reduced from 915 MeV in the cluster model basis (see Appendix) to 718 MeV in the molecular orbital basis. In the 1 S 0 channel the reduction is from 1453 MeV to 1083
MeV. Thus the molecular orbital basis is much better, inasmuch as the same two single particle states, s and p, are used in both bases.
The previous study [7] To have a better understanding of the lowering of the six-quark energy we present in Tables III and IV the separate contribution of the kinetic energy KE, of the confinement V conf and of the GBE interaction V χ to the dominant state in the cluster model |s
result and the dominant state in the molecular basis case respectively. Table III corresponds to the 3 S 1 channel and Table IV to the 1 S 0 channel. We can see that V conf does not change much in passing from the cluster model to the molecular orbital basis. The kinetic energy KE is higher in the molecular orbital basis which is natural because the s 2 p 4 and p 6 configurations contribute with higher energies than s 6 and s 4 p 2 . Contrary, the contribution of the GBE interaction V χ is lowered by several hundreds of MeV in both channels, so that The practically identical confinement energy in both bases shows that the amount of Van der Waals forces, as discussed in [7] , remains the same. However, the soft attraction brought in by the Van der Waals forces does not play an important role at short distances and it should be removed in further studies at intermediate distances.
For both IS = (01) and (10) sectors we also searched for the minimum of H Z=0 as a function of the oscillator parameter β. For IS = (01) the minimum of 572 MeV has been reached at β = 0.547 fm. For IS = (10) the minimum of 715 MeV was obtained at β = 0.608 fm. These values are larger than the value of β = 0.437 fm associated to the nucleon, which is quite natural because a six-quark system at equilibrium is a more extended object.
V. SUMMARY AND CONCLUSIONS
We have calculated the NN interaction potential at zero separation distance between nucleons by treating NN as a six-quark system in a constituent quark model where the quarks interact via Goldstone boson (pseudoscalar meson) exchange. The orbital part of the six-quark states was constructed from molecular orbitals instead of the commonly used cluster model single particle states. The molecular orbitals posses the proper axially and reflectionally symmetries and are thus physically more adequate than the cluster model states. Due to their orthogonality property they are also technically more convenient. Here we constructed molecular orbitals from harmonic oscillator s and p states. Such molecular orbitals are a very good approximation [20] to the exact eigenstates of a "two-centre" oscillator, frequently used in nuclear physics in the study of the nucleus-nucleus potential. on the momentum distribution of the NN system as was discussed, for example, in [21] within the chromodielectric model.
The following step will be to calculate the NN potential at Z = 0. The Yukawa potential tail in Eq. (25) will bring the required long-range attraction. It would be interesting to find out the amount of middle-range attraction brought in by two correlated or uncorrelated pion exchanges.
VI. APPENDIX
Ref. [7] presented results obtained from the diagonalization in a 5-dimensional basis. For comparison, here we need to remove the 5th basis vector which does not have a corresponding one in the molecular basis. The results of the diagonalization in a 4-dimensional basis are given in Tables V and VI for IS = (01) and (10) respectively. 
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